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Unified Model of Temperature Dependence of Core Losses in Soft Magnetic Materials
Exposed to Nonsinusoidal Flux Waveforms and DC Bias Condition
Adam Ruszczyk∗
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Institute of Computer Science, Cze¸stochowa University of Technology,
Al. Armii Krajowej 17, 42-200 Cze¸stochowa, Poland
Assuming that Soft Magnetic Material is a Complex System and expressing this feature by scaling
invariance of the power loss characteristic, the unified model of the temperature dependence of
Core Losses in Soft Magnetic Materials Exposed to Nonsinusoidal Flux Waveforms and DC Bias
Condition has been constructed. In order to verify this achievement the appropriate measurement
data concerning power losses and the all independent variables have been collected. The model
parameters have been estimated and the power losses modeling has been performed. Comparison
of the experimental values of power losses with their calculated values has showed good agreement.
PACS numbers: 75.50.-y, 61.85.+p
The following article has been submitted to Applied
Physics Letters. If it is published, it will be found online
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INTRODUCTION
Application of soft magnetic materials in electronic de-
vices requires knowledge about losses under different con-
ditions of exposition: sinusoidal and nonsinusoidal flux
waveforms of different shapes, with and without DC bias
condition. During the two last decades the two classes
of core loss’ models have been elaborated. The first
class consists of models which are based on the Steinmetz
Equation [1], [2], [3], [4],[5], [6], [7], [8],[9]. However the
second class is based on the assumption that the shape
of the waveform does not matter and as a result only
look at peaks [10],[11],[12],[13] and [14]. Non of them
presents satisfactory algoritm enabling us to calculate of
core losses v.s. temperature of sample with and without
presence of conditions for exposition mentioned above.
Therefore, this paper is devoted to solution of this prob-
lem.
I. SCALING AND UNIFIED CORE LOSS
MODEL
On the base of our recent papers [10],[13] we derive the
unified model of the total core loss versus the four inde-
pendent variables: f -frequency, △B-pik to pik magnetic
induction, HDC -DC bias and T -temperature:
Ptot = F (f,△B,HDC , T ). (1)
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In order to apply scaling to (1) the right hand side has to
be homogeneous function in general sense. This assump-
tion has to be satisfied both, by the experimental data
and by the mathematical model. However, according to
results of researches presented in [15], (1) and measure-
ment data formed by the action of DC-bias are not uni-
form in the required sense. This problem we have solved
in the previous paper [13] by using the method invented
by Van den Bossche et al. [6]. They have mapped the
DC-bias into primary magnetization curve. Using their
idea we have used the following mapping:
HDC → [M0,M1,M2,M3], (2)
where Mi = tanh(HDC · ci) and ci are free parameters
to be determined from the experimental data. The num-
ber of Mi components is optional. The introduced map-
ping (2) enables us to write down the following condition
for Ptot(f,△B, [M0,M1,M2,M3], T ) to be a homogenous
function in general sense:
∃{a, b, c, d, g} ∈ R5 : ∀λ ∈ R+
Ptot(λ
af, λb(△B), λc[M0,M1,M2,M3], λ
dT ) =
λgPtot(f,△B, [M0,M1,M2,M3], T ). (3)
Substituting for λ the following expression:
λ = (△B)−1/b we derive the most general form for Ptot
which satisfies (3):
Ptot = (△B)
β F
(
f
(△B)α
,
[M0,M1,M2,M3]
(△B)γ
,
T
(△B)δ
)
,
(4)
where, α = ab , β =
g
b , γ =
c
b , δ =
d
b and F (·, ·, ·) is an
arbitrary function to be determined.
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FIG. 1. Projection of the measurement points and the scaling
theory points (5)-(7) in [f/(△Bα)(1−x), Ptot/(△B
β)] plane.
II. THE MODELING OF F (·, ·, ·)
In order to determine F (·, ·, ·) we assume its form to
be factorable:
F
(
f
(△B)α
,
[M0,M1,M2,M3]
(△B)γ
,
T
(△B)δ
)
=
Φ
(
f
(△B)α
,
[M0,M1,M2,M3]
(△B)γ
)
Θ
(
T
(△B)δ
)
. (5)
Φ(·, ·) is a version of very well working model function
derived in [13]:
Φ(
f
(△B)α
, HDC) = Σ
4
i=1Γi
(
f
(△B)α
)i (1−x)
+
Σ3i=0Γi+5
(
f
(△B)α
)(i+y)(1−x)
tanh(HDC · ci)
(△B)δ
. (6)
Basing on some computer experiments we have selected
for Θ(·) the following Pade´ approximant [16]:
Θ =
(
ψ0 + θ (ψ1 + θ ψ2)
1 + θ (ψ3 + θ ψ4)
)1−z
, (7)
where θ = T+τ∆Bγ , T
◦C is measured temperature, τ and
z are tuning parameters, ψi are Pade´ expansion coeffi-
cients.
III. EXPERIMENTAL DATA, ESTIMATIONS
OF PARAMETR’S AND MODELING
The B-H Loop measurements have been performed for
SIFERRIT N87. The Core Losses per unit volume have
been calculated as the enclosed area of the B-H loop,
multiplied by the frequency f. The following factors in-
fluence the accuracy of measurements: 1) Phase Shift
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FIG. 2. Projection of the measurement points and the scaling
theory points (5)-(7) in [tanh(H c1, Ptot/(△B)
β] plane.
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FIG. 3. Projection of the measurement points and the scaling
theory points (5)-(7) in [ T+τ
(△B)γ
, Ptot/(△B)
β ] plane.
Error of Voltage and Current < 4%, 2) Equipment Accu-
racy < 5, 6%, 3) Capacitive Couplings negligible (capac-
itive currents are relatively lower compared to inductive
currents), and 4) Temperature < 4%. For details of the
applied measurement method and the errors of the rele-
vant factors we refer to [7], [8]. The parameter values of
(4)-(7) have been estimated by minimization of χ2 using
the Simplex method of Nelder and Mead [16] and the our
experimental data. The measurement series consists of
60 points, see TABLE I. Standard deviation per point is
equal to 15[ Wm3Tβ ] Applying the formulae (4)-(7) and the
estimated parameter values TABLE II we have drawn
the three scatter plots Fig. 1, Fig. 2 and Fig. 3, which
compare estimated points with the experimental ones in
the three projections, respectively. Note that, in order
to prevent generation of large numbers in the estimation
process the unit of frequency was kHz while other mag-
nitudes were expressed in SI unit system.
3TABLE I. Selected 60 records of the measurement data of SIFERRIT N87
T [oC] △B[T ] f [kHz] HDC [
A
m
] Ptot[
W
m3
] T [oC] △B[T ] f [kHz] HDC [
A
m
] Ptot[
W
m3
]
28,1 0,395 1 8,634 4064,3 28,1 0,391 1 20,146 4469,0
28,1 0,374 1 60,634 6332,4 28,3 0,351 1 86,651 6463,6
17,7 0,398 2 7,8014 9452,1 17,8 0,398 2 20,555 10663,8
18,9 0,396 2 35,583 12745,8 18,5 0,377 2 89,240 16015,6
26,2 0,400 5 6,570 21131,3 26,4 0,400 5 17,820 23110,0
26,5 0,398 5 33,230 28057,3 27,1 0,386 5 89,400 35209,8
28,4 0,401 10 5,892 41549,0 28,6 0,401 10 17,477 45257,9
28,8 0,400 10 31,820 54650,9 29,7 0,393 10 73,960 63821,6
30,8 0,386 10 105,00 64632,1 28,4 0,490 1 11,694 6611,0
28,4 0,488 1 24,299 7196,0 28,4 0,451 1 78,390 8771,6
19,1 0,497 2 10,120 15234,1 19,2 0,496 2 23,718 16781,0
19,3 0,485 2 54,63 19235,9 19,8 0,475 2 76,86 20100,2
27,7 0,502 5 8,92 34634,8 27,4 0,503 5 15,02 36195,2
27,7 0,501 5 21,5 37496,6 28,6 0,496 5 47,5 41259,7
31,7 0,499 10 20,52 71226,8 32,15 0,494 10 45,04 76876,5
32,6 0,487 10 67,14 80858,2 28,5 0,588 1 14,42 10042,9
28,7 0,561 1 57,97 11239,6 28,7 0,541 1 78,08 11255,7
29,1 0,58 2 12,82 19689,9 28,7 0,576 2 54,36 22043,0
30,1 0,592 5 42,4 52126,7 31,1 0,599 10 10,29 92648,6
31,3 0,595 10 31,23 96446,4 28,9 0,684 1 22,05 14150,5
28,1 0,389 1 33,507 5358,8 28,4 0,346 1 91,066 6376,4
18,2 0,386 2 68,034 15049,1 18,7 0,367 2 110,59 16027,7
29 0,669 1 41,33 14417,5 34,7 0,586 10 61,25 96583,3
30,2 0,616 5 36,05 54344,9 28,7 0,586 2 33,49 21002,2
28,5 0,580 1 36,01 10790,0 42,1 0,496 50 47,53 289491,2
31,5 0,499 10 7,57 65879,7 28,1 0,500 5 31,42 39530,2
20,2 0,469 2 87,44 20547,5 19,7 0,480 2 68,36 20073,3
28,5 0,443 1 85,100 8702,4 28,3 0,473 1 54,300 8296,5
30,2 0,387 10 99,190 64410,1 29,2 0,396 10 61,172 62814,4
27,5 0,386 5 97,779 35945,6 26,8 0,394 5 58,800 32614,3
TABLE II. The set of estimated model’s parameters of (4)-(7) for δ = 0
α β x Γ1 Γ2 Γ3 Γ4 Γ5
−11, 628 -8,6382 0,52629 -1,4083 739,55 1253,4 4238,5 0,12264
Γ6 Γ7 Γ8 y ψ3 c3 ψ4 ψ5
-30,972 -51,869 -4201,45 0,28877 14,4558 0,1648 -1,27E-01 0,28302
c2 τ γ ψ2 ψ1 c1 c0 z
-0,1808 7,77E-02 -0,17954 2,3966 -0,8993 -2,44E-02 -0,4877 4,84E-02
IV. CONCLUSIONS
Efficiency of the scaling in solving problems concern-
ing of power losses in Soft Magnetic Materials has been
confirmed all ready in the recent papers [10]-[13]. How-
ever, this paper is the first one which presents applica-
tion of scaling in modeling of temperature dependence of
the core loss. The presented method is universal, which
means that it works for wide spectrum of expositions and
different soft magnetic materials. Moreover the presented
model formulae (4)-(7) are not closed and can be adapted
for a current problem by fitting the forms of both factors
Φ and Θ. At the end one must say that success in apply-
ing the scaling depends on property of data. The data
4must obey the scaling.
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